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We have studied the magnetophotoluminescence of doubly stacked layers of self-assembled InP
quantum dots in a GaInP matrix. 4.060.1 monolayers of InP were deposited in the lower layer of
each sample, whereas in the upper layer 3.9, 3.4, and 3.0 monolayers were used. Low-temperature
photoluminescence measurements in zero magnetic field are used to show that, in each case, only
one layer of dots is occupied by an electron, and imply that when the amount of InP in both layers
is the same, the dots in the upper layer are larger. High-field photoluminescence data reveal that the
position and extent of the hole wave function are strongly dependent on the amount of InP in the
stack. © 2001 American Institute of Physics. @DOI: 10.1063/1.1383807#Self-assembled quantum dots offer the opportunity to
study the effects of confinement in low-dimensional semi-
conductors and apply these findings to the development of
advanced optoelectronic devices, such as lasers.1–3 InAs
quantum dots in GaAs have applications in lasers for
telecommunications,1 while red-light lasers2,3 based on In-
AlAs dots in AlGaAs ~Ref. 2! or InP dots in GaInP ~Ref. 3!
could find applications in a number of sectors such as optical
data storage digital video disk. In this letter, we discuss
stacked layers of self-assembled InP dots in GaInP. We use
photoluminescence spectroscopy in zero and high magnetic
fields to address the basic problem of how and where the
electrons and holes are confined within the sample, an issue
which has clear relevance for both fundamental physics and
applications, such as laser devices.
The physics of charge confinement in quantum dots can
be approximated by a simple particle-in-a-box problem. In
such a system, it is well known that the energy levels scale as
1/L2, where L is the size of the box. Furthermore, when the
box is small, small changes to the dimensions have a large
effect on the energy levels, but as the box gets larger chang-
ing its size has very little effect. This model can be very
usefully applied to InP dots in GaInP, since as a Type II
system,4,5 the electrons and holes can be considered to sit in
different boxes. The electrons are well confined to the dots
by a large conduction band offset.4 Our quantum dots are
quite small and flat ~;16 nm diameter and 2 nm height!,6 so
the electron energy levels are very sensitive to the dot size.
On the other hand, the application of a magnetic field, B , has
a very small influence on such tightly confined charges. The
reverse is true for the holes, which are weakly confined by
strain4 to the GaInP matrix between stacked layers of dots.5
As a result of this their wave function extent, A^r2&, is rela-
tively large, and so they dominate the diamagnetic shift of
the photoluminescence ~PL! on the application of a strong
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are rather insensitive to changes in A^r2&. Here, we exploit
the role of size confinement effects by studying the zero and
high-field PL of doubly stacked layers of vertically aligned
self-assembled InP quantum dots in which the size of the
dots in the upper layer is varied. We show that the zero-field
PL is sensitive to the electron occupation of the dots, while
the hole confinement can be determined by the high-field
data. With this method, we can build a detailed picture of
both electron and hole confinement in these structures which
can then be used in the design of quantum-dot laser devices.
The samples were grown by solid-source molecular-
beam epitaxy.2,6 Four (60.1) monolayers ~ML! of InP were
deposited on a GaInP buffer layer, which was grown on a
GaAs substrate. After the deposition of a further 4 nm of
GaInP, a second dot layer was grown with nominally 3.9,
3.4, and 3.0 ML of InP in samples A, B, and C, respectively.
The distribution of the dot sizes in the samples is shown
schematically in Fig. 1. PL measurements were taken at 4.2
K in pulsed magnetic fields up to 50 T. Three spectra were
taken during a typical 25 ms field pulse: one at the peak with
a field variation of 60.1% over a 0.65 ms exposure time,
and two during the down sweep with field resolutions and
exposure times of 63% and 0.4–0.6 ms, respectively. The
sample was excited using a solid-state laser operating at 532
nm via a 400 mm core optical fiber at a power density of
about 1 W cm22. The PL was collected by a bundle of six
optical fibers surrounding the central laser fiber, and ana-
lyzed in a 0.25 m spectrometer with an intensified charge
coupled device detector. The center of mass of the peak
~peak position! was determined by numerical analysis of the
PL data.
The zero-field spectra for the three samples ~8 K data!
are shown in Fig. 1. In each case, the peak at 1.75 eV cor-
responds to the recombination from the InP dots, whereas the
peak at about 1.95 eV is from the GaInP matrix. The sepa-
ration of the peaks demonstrates the strong confinement ~of© 2001 American Institute of Physics
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the dots in each of the samples is very similar, in particular,
the linewidth is rather narrow and shows very little variation
between the samples ~Table I!. At first, this is somewhat
surprising. Sample A has the same amount of InP in each
layer, so one might expect the dots to be the same size and
emitting light over the same range of energies. However, in
samples B and C, there is a very significant difference in the
amount of InP in the two layers, 33% in the case of sample
C. Despite this, the PL line remains narrow. This can only be
explained if just one of the layers of dots is contributing to
the PL, i.e., only one layer of dots is occupied by electrons.
Since the dots in the lower layers of samples B and C are
larger than those in the upper layer and so have lower energy
levels, we would expect that it is these which are occupied. A
closer examination of the data confirms this assertion. The
values in Table I show that the zero-field PL spectra from
samples B and C are essentially identical. Since the size of
the dots in the upper layer is different for these two samples,
we can conclude that the electrons do indeed occupy the
lower layer of dots. Further confirmation of this is found by
comparing the position of the quantum-dot PL peak in these
samples to that of a sample in which only a single layer of
4.0 ML dots is grown, as indicated by the arrow in the upper
FIG. 1. Zero-field PL spectra for ~a! sample A, ~b! sample B, and ~c! sample
C taken at 8 K are shown. In each case, the high-energy peak is from the
GaInP and the low-energy peak is from the dots. The arrow in the upper
panel indicates the peak position of a single layer ~4.0 ML! sample. The
schematic drawings show the sample structure, the electron occupancy, and
the hole wave function distribution inferred from our data in each case.
TABLE I. Summary of the results of the zero-field and in-field PL experi-
ments Biz is shown. With B’z , m and A^r2& were found to 0.27 m0 and 7.5

















A, 3.9 1.738 24 0.14 9.6 9.7
B, 3.4 1.748 26 0.16 7.6 8.2
C, 3.0 1.750 27 0.20 7.3 5.4Downloaded 05 Sep 2001 to 137.108.143.156. Redistribution subjectpanel of Fig. 1. The energy of the PL corresponds exactly
with that of samples B and C.
We now turn to sample A. In this sample, the PL line is
slightly narrower, and the line is at 10 meV lower energy.
Both these facts imply the presence of larger dots. Since we
know that the dots in the lower layers of each of the samples
are the same size, we conclude that in sample A the dots in
the upper layer are larger. Both layers contain the same
amount of InP, so we attribute the existence of larger dots in
the upper layer to their more rapid nucleation as part of the
stacking process, with a corresponding reduction in the
thickness of the wetting layer. Such an effect has previously
been directly observed in transmission electron microscopy
measurements of stacked layers of Ge dots in Si.7 Before
going on to discuss the high-field data, we note that a strong
occupation of only one dot in the stack requires efficient
tunneling of the electrons between the dots. Such tunneling
was recently observed in time-resolved PL measurements on
triply stacked layers of self-assembled InP quantum dots,8
similar to those we studied previously.5,9
The dependence of the peak position of the quantum-dot
~PL! line on the magnetic field for the three samples is
shown in Fig. 2. We first discuss the data with the field
applied perpendicular ~’! to the growth direction (z), as
shown in Fig. 2~a!. In sample B, the peak shows conven-
tional parabolic and linear field dependence,5,9 and we find
values for the effective mass, m, and A^r2& of 0.27 m0 and
7.5 nm, respectively. The large m confirms that the shift of
the PL peak is determined by the holes,6 while A^r2&
57.5 nm indicates that in this sample, the holes extend ver-
tically through the stack. Such a quantitative analysis is not
possible for the other two samples since the shift of the PL
line deviates from conventional behavior. An even more
complicated dependence of the PL energies on B’z was ob-
served for triply stacked dots,9 but is yet to be explained.
However, useful information can be obtained from a simple
comparison of the total shift of the PL line for the three sets
FIG. 2. PL peak position for the three samples with ~a! B’z and ~b! Biz is
shown. The arrows indicate the point at which the curve becomes linear, i.e.,
goes from the low-field to the high-field regime. The small difference in B
50 energies for the same sample in different orientations are due to changes
in the position of the laser spot on the sample. to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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reduction in the size of the shift as the amount of InP in the
upper layer of dots is decreased, indicative of a reduction in
the extent of the hole wave function. In particular, we note
that in sample C the shift is 5.4 meV, a typical value for the
case when the holes are confined entirely to the GaInP matrix
between the stacked dots.5
The PL data with B applied parallel ~i! to z confirms this
picture. In the first instance, we are able to determine m and
A^r2& in all three samples for this orientation ~Table I!. The
masses are lower than for sample B with the B’z , but still
considerably larger than the bulk InP exciton mass
(0.0678 m0). This again confirms that the effect of the ap-
plied field is on the hole energy. It can also be seen that the
hole masses in samples A and B are similar, but in sample C
it is 30% larger. This is a direct result of the extent of the
hole wave function vertically through the stack. The exciton
effective mass in GaInP is known to be much higher than in
InP.10 Thus, when the holes extend vertically through the
entire stack and sample both the InP and the GaInP material,
we expect them to have a lower mass than when they are
confined entirely within the GaInP. Very similar mass values
were found for triply stacked layers when the holes were
confined to the GaInP (;0.23 m0) between triply stacked
dots, and when two such regions were coupled by the holes
via the intervening InP dot (;0.16 m0).5 The effective mass
in the plane of the dots is a probe of the environment of the
hole, and thus also depends on the material parameters which
the hole wave function samples due to its extension in the
growth direction. The conclusion that the holes extend verti-
cally through the stack in samples A and B but not in sample
C is consistent with our data with B’z . Finally, we discuss
A^r2& in the plane of the layers. A systematic shrinkage is
seen as the amount of InP decreases. This is a result of the
reduction in the volume of the strain field, which strongly
determines the extent of the holes. Combining all of thisDownloaded 05 Sep 2001 to 137.108.143.156. Redistribution subjectinformation about the holes, we can draw what should be
quite realistic representations of the hole wave functions in
these samples. These, along with electron occupancies, are
also shown in Fig. 1.
In conclusion, we have shown that the zero-field PL peak
position is a sensitive probe of electron levels in InP quan-
tum dots, and have used this to determine the electron occu-
pancy in samples where the size of the dots in the upper of
two layers is varied. High-field measurements have been
shown to be sensitive only to the hole wave functions, and
have allowed us to obtain their form and location in these
samples.
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